Abstract-This paper describes the application of the Port Controlled Hamiltonian Network for Modelling and Control of non-linear power system dynamics. Goal of this work is to propose a methodology for system level design for power electronics driven electrical networks able to guarantee large signal stability. Starting from a model-level modular approach, the system is defined using the interconnection concept. The paper focuses on a DC micro-grid scenario where several converters interact with a lumped load. Contrary to previous work, the load is modelled as a Constant Power Load (CPL) introducing new challenges in terms of system stability.
I. INTRODUCTION
Microgrids mostly rely on distributed generation for the delivery of electrical energy. One of the common points of the majority of distributed energy sources is the connection via a power electronics interface to the grid. Furthermore, significant changes are also happening at the load side. Electric vehicles and distributed batteries at residential level represent an important example of power electronic driven load. More in general, loads at home level are more and more power electronics driven: e.g. heat pumps but also white goods. As result, the power electronic interface becomes the common element characterizing every component in the system from both generation and load side.
Other cases of grids fully operating with power electronics interface are given by offshore wind-farms: each wind turbine is interconnected through a power electronic interface to the collector grid, while the collector grid is connected to the main land typically by means of an HVDC system. Such situation can also emerge in a terrestrial power grid, anytime that, following an operation of reconfiguration, a portion of a grid is fed only by renewable energy sources and eventually an HVDC interconnector.
Power converters are switching devices and thus nonlinear. Even adopting average modeling, some converters are described by nonlinear differential equations (e.g. boost converter). Furthermore, power converters dynamics are largely determined by closed loop controls that can be linear or non-linear. As result, the interconnection of power electronics devices results in a non-linear system. This situation affects the generation side but even more the load side. Loads converters operating under closed-loop output voltage control exhibit an instantaneous Constant Power Load (CPL) behavior, that is also non-linear.
In effect, a well-known challenge in power electronics driven systems is that they are susceptible to instability from the load side because of the CPL behavior enforced by fast controller regulation. Concisely, CPLs exhibit a negative incremental resistance behavior, which may drive the system to instability [2] . The effect of CPLs is not only restricted to DC systems but is also present in AC systems [3] . For sake of simplicity, we focus the rest of the paper on DC distribution grids as the extension towards AC grids is straightforward. It should be highlighted that this source of instability is not correlated with the unbalance between demand and supply but it can occur also when the instantaneously generated power equals consumption [4] . While power imbalance can be addressed with appropriate scheduling algorithms, the CPL behavior is intrinsically a transient challenge that the generation control has to mitigate. As consequence, largesignal stability assessment is becoming more and more crucial for power electronics driven systems. Small signal analysis is performed on a linearized model at a certain operating point while the system is subject to small disturbances and it is not suitable to assess the consequences of large perturbations such large load disconnections [5] . Large signal stability is more suitable for large disturbances like sudden large load changes [6] , [7] but not widely applied in practice in power electronics and in grid-connected power electronics more in particular.
To address these emerging challenges and to provide a solution at system level for large signal analysis, it is necessary to develop bottom-up modular approach able to support the design in all the steps of the analysis. Authors in [8] [9] present a methodology to design simulations solvers and control methods based on the so called concept of interaction variables which describes how different parts of the power systems interact with each other. They separate internal component dynamics from the interaction dynamics with its neighboring components: such an approach reduces simulation time for power system simulations, while exploiting power system structure. The so-called interaction principle consists of defining two sets of variables: the internal level dynamics and the interaction level dynamics [9] . The interactions with neighbors are represented by non-linear variables, which capture the behavior of a component or several local components lumped in an aggregated fashion. The reason behind this partitioning is that the local dynamics are typically happening on a faster timescale than the interaction dynamics.
So far, different modelling and control approaches have been considered for modelling and control of Microgrids/power electronics driven systems. One common drawback was often that only simplified or linearized models were used for control design; in several cases a global model of the Microgrid was assumed providing very little insight on internal dynamics. The concept of variable decomposition has not yet intensively investigated. On the other hand, typical power electronic driven generation units present controllers based on a nested loop structure. The external loops deal with the power dispatch provision, managing then the slowest dynamic of the system. Such control architecture directly suggests a variable decoupling processing opening the opportunity for a decomposition approach.
At the same time, the Port-Hamiltonian (PH) formulation enables to express explicitly the power interconnection structure between components and how they interact with their neighbors while taking simultaneously into account the nonlinear dynamics covering energy dissipations, storages and conversions in components [10] . Each component or subsystem can be represented by its Hamiltonian and its interaction can be represented by the interconnection matrix.
Starting from this consideration, this paper analyzes the possibility to fully base the design of power electronic driven systems (i.e. a Microgrid or local grid feeder with high penetration of renewables) on PCH approach. Most of the previous work in this area has been focusing on the single component analysis and design. Given that an interconnection of PCH systems is again a PCH system, this paper analyses the opportunities offered by PCH for system level stability analysis. Goal is to establish a system level design procedure, that based on a bottom up approach (PCH design of the single converters) is able to assess the characteristics at the system level. Therefore, avoiding by design emerging behavior given by the interaction of the controllers and in particular the interaction between load and generation.
The "divide et impera" approach proposed in this paper, allows designers to focus on component level design without compromising the possibility of a detailed and analytical verification of the system level characteristics. A formal procedure for large signal stability becomes then a natural step in the design process.
In the following, the proposed approach is depicted with the support of an application example. The use of different type of converters in the system is used to stress how the example can be easily extended to a large variety of realistic scenarios.
II. PORT-HAMILTONIAN FRAMEWORK

A. Port-Controlled Hamiltonian (PCH) systems
Many physical nonlinear systems in general satisfy the Euler-Lagrange (EL) conditions and therefore can be represented in the PCH framework [13] . The PCH model of a non-linear system is given by equation (1). It results from the network modelling of a physical system containing lumpedparameters with independent energy storage elements [10] [12].
In equation (1), X is a vector consisting of the energy variables and (X) represents the total stored energy function of the system. The port power variables are denoted by the input signal and the output signal y. The interconnection structure is captured by the skew symmetric matrices ( ) = − ( ) and ( ). The dissipation of the system is represented by the damping matrix ( ) = ( ) > 0.
The control variable is defined as the Pulse Width Modulation (PWM) duty ratio u. In a generic DC-DC converter, the control variable is present in the interconnection structure and their corresponding PCH form is given by the equation (2).
Here, the vector ( , ) captures two types of interconnection, namely the standard interconnection and the "constant source inputs" [10] . For a buck converter however, the control variable is separable from the interconnection structure, leading to the PCH model given in (1) . The advantage of a Type (1) PCH system is the derivability of the control law from the matching equation in a straightforward manner.
B. General design procedure for control design
The general procedure to design an Interconnection and Damping Assignment -Passivity Based Control (IDA-PBC) is illustrated in detail in [10] . The goal of the procedure is to define a state-feedback control: IDA-PBC approach designs state feedback control = ( ) such that the closed loop system dynamics can be represented in PCH form by equation (3).
The sub index d stands for the desired variables i.e. ( ) is the desired interconnection matrix
To stabilize the system (2) on a desired equilibrium point with the desired energy function of the closed loop system the desired total stored energy function has to have a strict local minimum at the desired equilibrium point. The conceptual procedure of designing IDA-PBC for a system described by (2) follows the guidelines outlined in [13] , [14] .
For given ( , ), ( ), ( ), ( , ) and stabilize a desired equilibrium * , it is assumed that the functions ( ), , ( ), ( ) and the vector function ( ) can be found while satisfying the matching equation described by (4) .
This procedure has to meet the conditions of structure preservation (5), integrability (6), equilibrium assignment (7) and Lyapunov stability (8) as shown below.
If the conditions (5)- (8) are fulfilled, the resulting closed loop system (3) is a PCH with dissipation and the desired equilibrium point [10] . Here equation (9) can be applied, resulting in a stable equilibrium * of the closed loop.
To solve the Partial Differential Equation (PDE), which is often referred as matching equation, given by (4), following methods exist [12] :
For the NP-IDA, the desired interconnection and damping structure are fixed which then yields an admissible . In the A-IDA,the designer defines the desired energy function and then the matching equation becomes an algebraic equation in jd and rd [12] , [14] . For systems which have PCH dynamics described by equation (1), it is possible to fix ( ) and ( ) and then look for a solution of the PDE written in (10) . According to [10] - [13] the control can be directly calculated by using the formula (11) .
III. IDA-PBC FOR STABILIZATION OF CPLS ON DIFFERENT CONVERTERS
The application of IDA-PBC for different converter topologies has been outlined in previous publications with the assumption of resistive loads or loads modelled as a power demand. The IDA-PBC design was applied for buck, boost, buck-boost, cuck converter [16] , for rectifiers and inverters [17] , [18] and also for HVDC MMC systems [19] ; furthermore the Port-Hamiltonian modelling was also applied to synchronous generator [20] . Here we briefly summarize some findings for the CPL case for two basic DC/DC topologies (boost and buck converter) as these are also the building blocks for other converter topologies and used in the Microgrid example depicted in Figure 1 . 
LC Filter
We choose as state variables (12) the linking flux of the inductance and the capacitor charge.
The state space model of LRC3, which is based on the boost topology, is given by (13) . For a boost converter the NP-IDA approach seems suitable to derive the control law (14) . as there is no inherent stability limit with respect to the CPL power.
For the buck converters, LRC1 and LRC2 in Figure 1 , the state space model is given by equation (15) .
Applying the NP-IDA approach to a buck converter yields the control law given in (16) . The stability condition exists if the inequality (17) holds true, which has limited practicality. For topologies like the buck converter, the A-IDA approach is more suitable, as it has no restrictions on the load power. It starts by defining the assigned energy function (9) and leads to the control law given by (18) . It should be highlighted that there is no stability limit and that * corresponds to the current at the desired operating point.
IV. LOCAL DYNAMICS ASSIGNMENT -SMALL SIGNAL AND TUNING
A typical design approach from power electronics control is the small signal approach coupled with deriving from there certain desired locally desired characteristics. The behavior in the frequency domain of a single converter can be simply obtained from the linearization around the operating point. For simplicity, the procedure for the buck converter case is shown. The tuning of the coefficients of (18) can be done by starting from the state space model of the buck converters (20) .
This corresponds to the closed loop dynamics of the system with algebraic IDA-PBC, which can be linearized around an equilibrium point resulting in the expression presented in (21) that is of the form ∆̇= • ∆
From (21), it is possible to derive the characteristic equation via | − | = 0 .
Comparing above equation with the standard characteristic equation of the second order system:
We obtain the equations (24) and (25), which enables to assign the desired damping factor and the desired natural frequency of the closed loop system. An identical procedure can be used for different converter topologies that use algebraic approach. It should be highlighted that according to (12) the state 2 * is the capacitor charge and in normal converter operation would not cause a singularity on and .
When using the state space averaging equations, which characterize the boost converter (13) and linearizing around an operating point we obtain (26) .
From here, we obtain the eigenvalues of the linearized closed loop system around the equilibrium point:
One eigenvalue is negative while the other is zero for the closed loop system. The system is marginally stable and is expected to display oscillations during the simulations.
V. STABILITY
Most of the literature of PCH applied to power electronic systems focused on a single converter case. Since the interconnection of PCH systems results in a PCH system, such a consideration makes evident the possibility of a large signal stability assessment in power electronics driven grids. Main steps of the proposed approach can summarized as follows:
1. Given a power electronic driven system, divide the system into subsystems that can be modelled by the PCH approach 2. For every component of the system, for both source and load sides that requires control design, formulate the framework of PCH by using any of the methods proposed in literature. 3. By using the interconnection matrix, formulate the PCH model of the complete system 4. Analyze the characteristic at the system level to assess large signal stability.
To illustrate the procedure, we modelled a buck-boost Microgrid consisting of an arbitrary cable length connected to a single DC-Bus supplying a CPL. This is a typical example for the use-case of DC-homes, all-electric ships, more electric aircrafts, industrial power plants or future DC distribution grids. Figure 1 depicts the detailed circuit representation of the MVDC Microgrid. From there, it is possible to derive the equivalent diagram depicted in Figure 2 by considering the following variables changes: Figure 2 underlines the interconnection of the 8 subsystems. Each subsystem is PCH. The state variables of the PCH and the corresponding energy functions are described in Table I . It is then possible by using equation (2), which represents the PCH dynamics of a system, to derive the individual dynamics using the subsystems and state variables mentioned in Table I PCHS-j (j=5,6,7) Using the vector described in (29) and considering that the total energy of the system is the sum of energy stored in each subsystem, it is possible to derive the system level PCH representation according to (2) . Using the intermediate results of Table II it is possible to write the system level interconnection matrix J as (31) and the corresponding damping matrix r as (32). The term 3 ′ in Table II is the shorthand notation for the term 1 − 3 . The bold numbers in (31) highlight how PCHS-1 and PCHS-5 are interconnected and it is observed that the interconnection matrices of each subsystem are the diagonal elements of the system level interconnection matrix J(X,u), which is antisymmetric.
When analyzing (32), the subsystem elements from the diagonal matrix represent the damping of the overall system, while the non-diagonal elements are zero. It can be seen that r(X) is clearly positive semidefinite and symmetric. The input matrix of the entire system is described by (33). Hence, the entire system can be represented in its PCH from. Where 1,2,3 describe the control input, which is the duty ratio of each converter obtained by (14) and (18). 
VI. SIMULATION EXAMPLE Prerequisite for applicability of IDA-PBC is that the system must be Port-Hamiltonian. The IDA-PBC procedure generates an asymptotically stabilizing controllers for PortHamiltonian systems. In Section V, it was shown that the entire system is Port-Hamiltonian through large signal stability analysis and hence showing the applicability of IDA-PBC. To validate the large signal stability analysis of the system in Section V, a non-linear time domain simulation example based on Figure 1 was selected.
Each converter was modelled in Matlab Simpower Systems as an ideal switch with a switching frequency of 1kHz. The power sharing was achieved by droop control with the ratios between LRC1, LRC2 and LRC3 being 40%/40%/20%. A secondary centralized PI control loop eliminates the voltage error after load steps (K P = 0.8 and KI = 100) which was a good tradeoff between control loop interactions and bringing the bus voltage back to reference [22] . Each converter is rated with 17 MW leading to a total installed capacity of 51 MW. It should be clarified that we assume aggregated buck converters, each of which consists of Table III . The controllers of LRC1,2 are designed with the procedure given in Section IV by assuming a total load of 45MW, from which 10MW and 35MW are loadings from resistive load and CPL respectively.
The designed control coefficients for LRC1,2 are given in Table III . The natural frequency and damping factor are calculated under the assumption of a 4MW resistive load and 14.4MW constant power load. This results in a damping factor of =1.020386 and a natural frequency of = 4894.5.
LRC3 is a boost converter, its IDA-PBC control law was derived by using the non-parametric approach. From (27) it can be observed that this approach does not introduce a tunable control parameter and therefore no coefficients are given. During the simulations in depicted in Figure 3 and Figure 4 the reader might observe that the respective voltage and currents waveforms have a small overlying ripple. This ripple is a result of the behavior of the boost converter operated by the nonparametrized IDA-PBC. Due to its marginally stable behavior, it is prone to oscillations, which are also induced to the buck converters. Furthermore, it can also be observed that the bandwidth is limited as the boost converter is the slowest converter in its transient response.
The simulations are started with 10MW resistive load and a 12.5MW CPL connected to the DC bus. At t = 0.25s, the large signal step change in CPL power to 35MW is implemented. To enhance the presentation of the results we processed for visualization reasons the currents plots through a moving average filter to remove the high amount of current ripple. One can observe a stable bus voltage response with a settling time under 0.03s from Figure 3 . Figure 4 depicts the simulation results for generation loss due to disconnection of LRC2 at t = 0.5s, where the current supplied by LRC2 abruptly drops to zero. Therefore, the load demand has to be matched by LRC1 and 3. The worst-case voltage undershoot is observed for the case where LRC2 is disconnected owing to its high power sharing factor. The voltage oscillations are prominent due to the slow response of the LRC3 converter. When comparing the specifications given in the MVDC standard [23] with the values in Table IV it is becomes obvious that the IDA-PBC method does not meet the specifications as long as a boost converter is used. When running the simulation case with three buck LRCs the MVDC standard for shipboard power systems is obeyed and the output does not suffer from ripples [23] .
VII. CONCLUSION The paper presented a system level view on the application of PCH to power electronic driven electrical grids. While operation of grids fully based on power electronic devices are becoming increasingly common, there is a growing need to link the design of a single level converter to the system level performance. Given that also loads are mostly driven by power electronic systems, the interaction between generators and loads may evolve in unstable modes given the CPL characteristics. This work focused on the design procedure for ensuring system level stability for Microgrids by using a bottom up approach.
The simulation case demonstrated the application of the control design on two typical scenarios in a DC grid. The analysis proposed in the example had as a focus the stability aspect and not the achievement of a specific control performance. A detailed analysis of the performance of the perturbations that can be handled has to be subject to the specified use case and standards.
Based on its bottom-up modular nature, we see this methodology as a possible solution to the problem of large signal stability analysis in power electronic driven power grids. The PCH methodology also allows a unified approach for modelling and control of power systems starting from the device level control and ending at the market interactions [24] . A drawback observed of this approach is that the dependence of the controller design from the system parameters still exists, especially for * which influences the duty cycle. We consider that in Microgrids this drawback may be less relevant as major parts of the system are known. Furthermore, this drawback could be mitigated by choosing another converter topology like the Dual Active Bridge [25] , which only needs the local voltage measurement for performing the control action and can act not only in step down but also in boost mode.
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